ABSTRACT: The use of a rubber modified thermoplastic resin has been investigated as a method to improve the Mode I interlaminar fracture toughness of a unidirectional continuous carbon fiber composite Test results show that the improvement in the fracture toughness is less than expected due to rubber particle agglomeration, solvent and molding induced crystallization of the matrix and poor fiber/matrix adhesion The plastic zone in composites utilizing tough matrices can extend well beyond a single interfibrillar spacing However, the development of the plastic zone is limited due to the failure of the fiber/ matrix interface. In order to fully evaluate the potential of tough composites using toughened matrices, any improvement made in the matrix toughness must be coupled with improvements in the fiber/matrix adhesion.
INTRODUCTION
IGH PERFORMANCE CONTINUOUS fiber composites offer stiffness and Hstrength which are superior to metals on a per weight basis [1J. This has led to an increase in the use of composites in the aerospace and automotive industries. Originally stiffness, strength and thermal stability were the primary criteria for choosing a fiber/matrix combination. The most commonly used polymeric matrices and fibers were epoxies, and glass and graphite fibers. Since the development of high strain to failure fibers, the emphasis has shifted to the production of a very tough composite with a high strain to failure.
A major problem with composites based on brittle matrices is that they have a low interlaminar fracture toughness and are sensitive to out of plane impact which results in a low compressive strength after impact [2,3J. The latter quantity can be reduced by as much as fifty percent [3] . The weakest fracture mode in composites is crack propagation between plies (delamination) or within plies parallel to the fibers (splitting) [4, 5] . Crack propagation is influenced by three primary variables: fiber/matrix adhesion, matrix toughness and fiber volume fraction. In high performance composites, the fiber volume fraction is maximized. Assuming good fiber/matrix adhesion, crack propagation will be controlled by properties of the matrix [3, [6] [7] [8] . Therefore, to improve the damage tolerance of a composite, research efforts have been focused on producing tough or damage tolerant high performance composites through modification of the matrix.
Simply introducing a toughened resin as a matrix material does not necessarily bring about a substantial improvement in a composite's fracture toughness. Hunston and co-workers have recently compiled some fracture data comparing a resin's fracture toughness to that of a composite utilizing the same resin as a matrix material [9, 10] 
MECHANICAL TESTING
The fracture toughness of the bulk resins was determined using a J-integral technique. The specific testing method and results are described in another paper [19] .
The interlaminar fracture toughness (G1c) was determined using a hinged double cantilever beam (HDCB) test. The sample dimensions are shown in Figure 1 . The tests were conducted at 25°C usmg a displacement rate of 12.7 mm/min. The G1c values were determined using an area integration method described in Reference [20] . 
MICROSCOPY
Analysis of the fracture features of the composite materials was conducted using a Hitachi S-520 Scanning Electron Microscope (SEM). Subsurface analysis was performed by utilizing a petrographic thin sectioning technique in conjunction with an optical light microscope equipped with crosse polarizers. The thin sectioning technique allows the morphological structure within the composite and the deformation mechanisms to be analyzed and is described in Reference [21] .
RESULTS

Matrix Resin Fracture Toughness
The results of the J-Integral tests are shown in Table 1 . These results indicate that PC can be toughened by usmg the submicron core/shell impact modifiers. Further discussions regarding the J-integral results will be presented in a forthcoming paper [19] .
Composite Fracture Toughness
The first set of composites tested were made using the neat PC resin and the 10 wt% rubber modified resins. The results of the HDCB tests are shown in Table   2 . The impact modified matrix materials produced a lower mterlaminar tracture toughness value as compared to the neat PC matrix composite. Analyzing the fracture surface using the SEM indicates that poor adhesion at the fiber/matrix interface is a common characteristic with all of these materials, as shown in Figure 2 . In addition to the poor fiber/matrix interface, the rubber particles also appear to be detrimental to the interlaminar fracture toughness. In order to understand this effect, we had to locate where the rubber particles were within the composite. To this end, the fractured DCB specimens were etched using a saturated solution of sodium hydroxide and methanol. An SEM photomicrograph of the resultant surface is shown in Figure 3 . This etchant preferentially removes the PC matrix, leaving the rubber particles exposed. The rubber particles were found to be agglomerated and to lie along the fiber/matrix interface. [22] . He suggested also that the presence of a crystalline layer along the fiber/matrix mterface may be beneficial for stress transfer and mcrease the modulus and strength of the composite. The presence of a crystalline layer along the fiber/matrix interface may be beneficial when the crystalline layer is thin and is limited to the immediate fiber/matrix interface. In the present case where the fiber volume fraction is approaching 65 wt%, the spacing between the fibers is very small. Heterogeneous nucleation of spheruiltes along the fiber surface could consume the entire region between the fibers. Also, the nucleation of spherulites by any residual crystalline material could produce crystalline regions throughout the entire matrix of the composite. In terms of the mterlaminar fracture toughness of these PC composites, the spherulitic morphology is detrimental since crystalline PC has very low strength. Figure 6 , indicate that the adhesion at the fiber/matrix interface has not been significantly improved. A NaOH etch of the fracture surface, shown in Figure 7 , reveals that the rubber particle agglomeration has indeed been reduced as a result of lowering the rubber concentration and utilizing the new prepregging solvent. However, the matrix still contains crystalline regions because the processing conditions were not changed.
Effect of Eliminating Crystallinity
The Although the test results cannot be compared directly to the earlier tests the samples can be evaluated in terms of whether or not the thermal treatment may Table 3 . HDCB test results-5 wt% impact modified matrix.
All tests performed at 25°C using a displacement rate 12 7 7 mm/min Glc values are the average of four specimens using the area integration method Prepreg solution. was methylene chlonde + 17 wt% solids Thermal treatment consisted of 265°C for 20 mm followed by quenching to room temperature Figure 6 . SEM photomicrograph of the fracture surface of the HDCB specimens-a) HDCB-5-3 and b) HDCB-5-6 Adhesion at the flberlmatrlx mterface has not been Improved by reducing the rubber concentration. Arrow mdicates crack propagation direction have improved the fiber/matrix interface and if the crystalline material was removed. SEM photomicrographs of the thermally treated specimens, shown in Figure 9 , do not indicate a substantial improvement in the fiber/matrix adhesion.
Thin sections of the post thermally treated DCB specimens were produced and provided very interesting results. The sections were taken perpendicular to the fiber direction at a position where crack arrest had occurred during testing. Figure 10 is a thin section of HDCB-5-6-TT which shows that the spherulitic morphology of the matrix was eliminated by the thermal treatment. We also found that a plastic zone had developed during loading which extends several fiber diameters below the fracture surface. Apparently when the crystalline material is removed and replaced by a more ductile amorphous matrix, a plastic zone is able to form. This work provides direct evidence supporting models that Figure 7 . Sodium hydroxide etch of the fracture surface HDCB specimen HDCB-5-6 reveals that the agglomeration of rubber particles has been reduced by changing the prepreg solvent and reducing the wt% rubber to 5 wt% (prepreg solution was a mixture of methylene chlonde + 17 wt% solids) the plastic zone of a high performance composite utilizing a ductile matrix is not limited to a single interfibrillar spacing [23] . The reason these materials do not bring about an increase in the overall interlaminar fracture energy is undoubtedly the premature failure at the fiber/matrix interface. When the interface fails during loading the surrounding matrix is unloaded thus preventing the system from extracting the full potential of the toughened matrix. These results show that the interfacial properties must be improved in order to produce a toughened composite.
Effect of Sizing
Epoxy sized graphite fibers (AS4-W 12K tows) were used to produce a final set of composites in an attempt to improve the interfacial adhesion. These materials were produced using the proper prepreg solution and a molding practice identical to the thermally treated samples. The DCB results are shown in Table 4 . Although the results indicate that the GIc values have been more than doubled by using the epoxy sized fibers, we later determined that these composites contained resin rich interlaminar regions. The primary reason for the significant increase in the interlaminar fracture toughness may well be due to the large increase in the resin content.
The fracture surface was inspected using the SEM to determine if the adhesion was improved by using epoxy sized fibers, and is shown in Figure 11 . Qualitatively, it appears that PC does show better adhesion to the epoxy sized fibers than to the unsized fibers. Future Figure 11 . SEM photomicrograph of the fracture surface of HDCB specimens a) HDCB-PC-ES and b) HDCB-5-3-ES. The matnx has undergone plastic flow during fracture and the matrix appears to have good adhesion to the epoxy sized fibers Arrow indicates crack propagation direction.
